Nanocrystalline materials are single or multiphase polycrystals, of crystal size in the order of a few (1-10) nm, whose existence and potential sig nificance were pointed out less than a decade ago [1] . At present, these ma terials are most frequently generated by high-pressure consolidation of small randomly oriented crystals with clean surfaces. Nanocrystalline materials which have also been called nanophase materials, ultra-fine grain sized materi als, ultra-fine microstructures and nano meter-sized materials, are of interest for the following four reasons: (1) Nanocrystalline materials seem to exhibit an atomic structure which differs from that of the two known solid states: the crystalline (with long range order) and the glassy (with short range order). They comprise a new (third) state with a statistical atomic structure [2, 3, 4] . ( 2) The properties of nanocrystalline materials differ (in some cases by seve ral orders of magnitude) from those of glasses and/or crystals with the same chemical composition, which suggests that they may be utilized technologi cally in the future. (3) Nanocrystalline materials seem to permit the alloying of conventionally im miscible components such as metals and ceramics. The resulting alloys have been observed to exhibit new and tech nologically attractive properties. (4) If small (1-10 nm diameter) glass droplets are consolidated (instead of small crystals), a new type of glass, called nanometer-sized glass, is obtai ned. Such glasses differ structurally from conventional glasses in the sense that their short range order extends to next nearest neighbours only. The atomic arrangement for interatomic spacings beyond the shell of next nearest neighbours seems random.
Basic Ideas
A schematic cross-section through a hard sphere model of a nanocrystalline material is shown in Fig. 1 , wherein all atoms are assumed to be chemically identical. Structurally, two kinds may be distinguished: "crystal atoms", the nearest neighbour configurations of which correspond to the lattice configu ration, and "boundary atoms" charac terized by nearest neighbour configura tions which are different. Hence, in these terms a nanocrystalline material consists of a crystalline component (formed by all the crystal atoms) and a boundary component with a froth-like morphology (formed by all the boundary atoms). For a single component mate rial, the atomic structure of all crystals is identical, e.g. all crystals in nanocrys talline Fe have a b.c.c. lattice. However, the atomic structures of the various boundaries are different because their atomic arrangement depends, among other parameters, on the orientation relationship between the adjacent crys tals. If the crystals are crystallographically oriented at random, the relation ship between the crystals 1 and 2 ( Fig.  1 ) is different from that between 2 and 3. Hence, the atomic arrangement in the boundary A differs from the one in B. In other words, the interatomic spacings (atomic matching) between the boun dary atoms forming boundary A (e.g. the spacings ab, ac) differ from the spacings between the atoms forming boundary B (e.g. the spacings de, df).
The same applies to all other bounda ries. As nanocrystalline materials con tain typically about 1019 boundaries per cm3, the interfacial component repre sents the sum of over 1019 atomic ar rangements all of which are different. If there is no correlation in the sense that specific interatomic spacings do not occur preferentially in many of the boundaries, the interfacial component represents a structure which exhibits no short-range order. This does not imply that grain boundaries are disordered. Indeed, every boundary is assumed to have a two-dimensionally ordered struc ture. However, the periodicity of this structure and thus the interatomic spa cings within every boundary differ from boundary to boundary. The physical rea son for this new type of structure is the constraint imposed on the atoms in the cores of the boundaries by the adjacent crystal lattices of different orientations.
Similar arguments seem to apply to the contact region between small par ticles with a glassy structure leading to the formation of nanometer-scale glasses (q.v.).
Preparation of Nanocrystalline Materials
The experimental arrangement used most frequently to prepare nanocrystal line materials is a modified gas conden sation method (Fig. 2) , where the mate rial (e.g. Fe) is evaporated into an inert gas atmosphere (e.g. He, pressure about 1 kPa). Through interatomic collisions with the He atoms, the evaporated Fe atoms lose kinetic energy and condense in the form of small crystals a few nanometers across which accumulate on a vertical cold finger as a loose pow der. After restoring high vacuum (< 10-6 Pa) the powder is stripped off and funnelled into a piston and anvil device where it is compacted (pressure up to 5 GPa). Sputtering, electron gun or laser evaporation may be employed instead of thermal evaporation.
Other methods which have been uti lized to obtain fine grained powders suitable for generating nanocrystalline materials are ball milling (applied to Ru and AIRu), vapour-phase synthesis (ap plied to various ceramics and semicon ductors) and precipitation from solu tions or gels. In these last two cases special care has to be taken to remove surface contaminants.
A systematic study of the impurity content of nanocrystalline materials prepared by inert gas condensation re vealed that gaseous and metallic impu rities were less than 0.1% and He less than 50 ppm. The density of metallic nanocrystalline materials varied bet ween 85% and 90% of the crystalline density (depending on the material) ap proaching 100% after grain growth. The distribution of crystal sizes in Pd and TiO2 determined by transmission electron microscopy and small angle X-ray or neutron scattering is presented in Fig. 3 .
Microstructure
Studies of the microstructure of nanocrystalline materials have been carried out by means of transmission electron microscopy. X-ray diffraction, neutron diffraction and EXAFS. The microstructure deduced is summarized in Fig. 4 . Crystals (average diameter r, density  K r) are separated by grain boundaries of thickness about 1 nm and density ( O) some 50% of the crystal density and hence considerably lower than in glasses. This low density of the boundary region seems to be crucial for the atomic structure and many of the properties of nanocrystalline materials.
Atomic Structure
The atomic structure has been stu died by X-ray diffraction and EXAFS. The former studies were performed by comparing the measured interference function of a nanocrystalline material with the one computed by assuming the atoms in the boundaries to be either statistically arranged or in a structure corresponding to a glass. In the compu tations, the crystal size, the size distri bution, the boundary density, the boun dary thickness, etc. were matched to the experimental data.
As many be seen from Fig. 5a , the diffraction curve predicted by assuming a random atomic arrangement in the boundaries agrees well with the meas urements, but not if the boundary regions are assumed to have a glassy structure (Fig. 5b) .
The same conclusion was obtained from the EXAFS measurements. These indicated that nanocrystalline materials comprise two structural components: one (representing the crystallites) in which the atoms are arranged in the same pattern as in the bulk crystal, and a second (representing the average over all boundaries) in which the atomic ar rangement is random. In other words, a structure which may be regarded as a "frozen-in gas" in the same sense as a glass is a "frozen-in liquid". Clearly, such a random (gas-like) arrangement is only possible if all kinds of interatomic spacing exist, and this implies a redu ced atomic density in the interfaces as has been observed.
If nanocrystalline materials contain a new type of atomic structure, not only should the diffraction properties be mo dified, but evidence should also come from methods and structure sensitive properties. In practice, Mössbauer and positron lifetime spectroscopy as well as measurements of the specific heat, the entropy, the thermal expansion, diffusivity and the enhanced solute solubi lity all seem to be consistent with the new atomic structure [2, 3, 4] , The Gibbs Free Energy (AG) of a nanocrystalline material relative to a single crystal of the same chemical composition has been determined by comparing their specific heats,  cp, and the electromotive force, emf. The result for Pd between 0 and 323 K is shown in Fig. 6 . The negative slope, - G/ T, of this curve is the excess en tropy (AS) of nanocrystalline Pd relative to a Pd single crystal. AS is found to be about 7 kB (kB is Boltzmann's constant) which is comparable to the entropy of evaporation of Pd (about 10 kB) and almost an order of magnitude larger than the entropy of fusion (about 1 kB). In other words, the large excess entropy agrees with the random ("gas-like") atomic structure deduced from the Xray diffraction and EXAFS data. Table I lists properties of some of the nanocrystalline materials investigated compared with those of the crystalline and glassy states of the chemically identical substance.
Fig. 5 -Comparison of the measured ( + -+-+) and computed (------) interfe rence functions of nanocrystalline Fe (6 nm average crystal size). The model system assumed for the computations is a boun dary structure consisting of four atomic layers in which: (a) atoms are statistically (''gas-like") arran ged. The boundary thickness of four atomic layers agrees with the results of the small angle neutron diffraction and hydrogen so lubility measurements. (b) atoms form a short-range ordered (glass like) structure similar to the one measured in Fe80B20.

Properties
Typically, the properties of the crys talline and glassy states differ by about 5% or less, whereas the nanocrystalline state varies between 50% and a factor of up to 1021. Differences of this type are hard to understand unless the ato mic structure is assumed to be diffe rent. Moreover the electronic structure also seems to vary, e.g. the Flail cons tant of nanocrystalline Cu was found to be about twice that of conventional Cu.
Figs 7a and 7b show examples of the ductile deformation observed in nano crystalline ceramics. This and the en hanced diffusivity of nanocrystalline ceramics may be of interest for techno logical applications. The observed plas ticity [6] seems to be based on grain boundary sliding and diffusional flow. As both deformation modes are possi ble in any material, any conventionally brittle material: ceramics, intermetallics or covalent substances (diamond, Si, Ge) can be expected to become ductile if generated in the nanocrystalline form.
Activation energies of diffusion are among the lowest measured so far in solids. Comparable figures have been reported only for fast ionic conductors, fast metallic diffusors and for H in some metals. Diffusion of Ag in nanocrystal line Cu (Fig. 8 ) occurs at the remarkably low level of 0.3 eV and 0.64 eV respec tively in the temperature ranges 303-343 K and 353-373 K. For compari son, the activation energies of volume and grain boundary diffusion in the same system are 2 eV and 1 eV, so that an enhancement of about 20 orders of magnitude relative to volume diffusion results.
Nanometer-sized Glasses
By analogy to nanocrystalline mate rials, the generation of new types of glass called "nanometer-sized glasses" is proposed. Their production may be carried out by a procedure similar to that described in Fig. 2 . If the material evaporated has the ability to form a glass, the evaporation and subsequent rapid cooling in the He atmosphere may result in the formation of nanometer sized glass droplets rather than crystal lites. Consolidation may result in solids containing a high density of defects arising from the mechanical shear of the droplets during compaction or in the region of contact between adjacent par ticles. The contact region may differ structurally and/or chemically from that in the centre for the following reason. The surface atoms of an isolated glassy droplet in vacuum form a glassy atomic arrangement with those in the interior so that certain interatomic spacings are preferred. If two such droplets are brought into contact, the interatomic spacings between the surface atoms may then be different and although some relaxational motion may occur, a broader distribution of interatomic spacings in the interfacial region gives rise to a structure comparable to a bulk glass with the same chemical composi tion.
Similar arguments may apply to a region in which a glass droplet is me chanically sheared during compaction. Because of the non-periodic structure, a region of enhanced free volume results, as is known from the shear bands in metallic glasses. By analogy to the structure of nanocrystalline materials, the atomic structure of the interfacial regions of a nanometer-sized glass is proposed to be random. This specula tion agrees with recent X-ray diffraction and Mössbauer spectroscopy measure ments [7, 8] . In practice, the total ato mic distribution function (Fig. 9a) of a nanometer-sized glass observed experi mentally differs from that of a conven tional glass (Fig. 9b) . This may be un derstood by assuming that the nano meter-sized glass is formed by small centres with a glassy structure com prising next nearest neighbours only. These regions are arranged randomly relative to one another, otherwise higher order correlations would be ob served in the atomic distribution func tion. By varying the diameter and/or chemical composition of the consolida ted glass droplets, the relative volume fractions of the glassy and the randomly structured component can be manipu lated. In other words, by varying the size of the glassy particles used for consoli dation, one can vary (at consistent chemical composition) the atomic structure of nanometer-sized glasses continuously between the short-range ordered structure of a conventional glass and an almost random atomic arrangement. If the chemical composi tion of the surface region of an isolated glass droplet differs from the central region [e.g. due to surface segregation effects), the interfacial regions deviate chemically as well as structurally from the centre.
Presumably, nanometer-sized glasses may not only be generated by evapora tion and consolidation, but also by heavily deforming [e.g. by ball milling) bulk pieces of glass or by precipitation, atomizing or sputtering processes. It would seem that the way is open to a new type of glassy material. 
